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Translational regulation of maternal mRNAs in dis-
tinct temporal and spatial patterns underlies many
key decisions in developing eggs and embryos. In
Drosophila, Orb is responsible for mediating the
translational activation of mRNAs localized within the
developing oocyte. Orb is a germline-specific RNA
binding protein and is one of the founding members
of the CPEB family of translational regulators. Here
we show that Orb associates with the Drosophila
Fragile X Mental Retardation (dFMR1) protein as part
of a ribonucleoprotein complex that controls the lo-
calized translation of mRNAs in developing egg
chambers. One of the key orb regulatory targets is
orb mRNA, and this autoregulatory activity is critical
for ensuring that Orb protein is expressed at high
levels in the oocyte. We show that dFMR1 functions
as a negative regulator in the orb autoregulatory cir-
cuit, downregulating orb mRNA translation.
Introduction
Cytoplasmic polyadenylation is one of the mechanisms
eukaryotic cells use to activate on-site translation of
localized mRNAs. It requires two elements in the 3# un-
translated region (3# UTR) of target mRNAs: the hex-
anucleotide AAUAAA, bound by a protein complex
collectively called cleavage and polyadenylation speci-
ficity factor (CPSF) (Bilger et al., 1994), and the up-
stream U-rich cytoplasmic polyadenylation element
(CPE), which is bound by the cytoplasmic polyadenyla-
tion element binding protein (CPEB) (Hake and Richter,
1994). CPEBs constitute a family of sequence-specific
RNA binding proteins initially identified because of their
role in RNA localization and translational regulation
during gametogenesis (Lantz et al., 1992; Hake and
Richter, 1994). More recently, CPEBs have been found*Correspondence: pschedl@molbio.princeton.eduto regulate localized translation in dendrites (Huang et
al., 2002; Si et al., 2003) and have been implicated in
dendritic mRNA localization (Huang et al., 2003) and
translational regulation during axon pathfinding (Brittis
et al., 2002).
The Drosophila CPEB protein, Orb (oo18 RNA bind-
ing), is required for both RNA localization and transla-
tional regulation at multiple steps during oogenesis.
Phenotypic analysis shows that orb is required for for-
mation of the 16-cell cyst, oocyte differentiation, and
the establishment of both anteroposterior (A-P) and
dorsoventral (D-V) axes in the egg and embryo (Chris-
terson and McKearin, 1994; Lantz et al., 1994; Huynh
and St Johnston, 2000). A-P axis specification in the
embryo depends upon posterior localization of oskar
(osk) mRNA during mid to late oogenesis followed by
Orb-mediated translational activation of localized osk
transcripts (Chang et al., 1999; Castagnetti and Ephrussi,
2003). Newly synthesized Osk anchors its own mes-
sage and nucleates the assembly of structures neces-
sary for posterior patterning (Rongo et al., 1995). Like-
wise, the D-V axis is established by translational
activation of gurken (grk) mRNA localized at the antero-
dorsal corner of the oocyte. grk encodes a trans-
forming growth factor α (TGF-α) homolog which signals
adjacent follicle cells to adopt a dorsal fate (Roth and
Schupbach, 1994). Mutations that disrupt the D-V path-
way produce ventralized chorions, which either lack or
have fused dorsal respiratory appendages. orb muta-
tions disrupt the localization and translational regula-
tion of mRNAs for two genes in this pathway, fs(1)K10
and grk, and result in ventralized chorions (Christerson
and McKearin, 1994; Lantz et al., 1994; Roth and
Schupbach, 1994; Chang et al., 2001).
Another Orb target is the orb mRNA itself. Through
binding sites in the 3# UTR, Orb directs the localization
and translational activation of the orb mRNA (Tan et
al., 2001). This positive autoregulatory feedback loop
ensures the proper translation of Orb mRNA targets by
promoting the accumulation of high levels of Orb pro-
tein in subcellular compartments where its activity is
required. The presence of CPE elements in the 3# UTR
of other members of the CPEB family (Bally-Cuif et al.,
1998; Theis et al., 2003; A.C. and P.S., unpublished
data) along with specific binding of FOG-1 (a C. elegans
CPEB homolog) to its own transcript (Jin et al., 2001),
suggests that autoregulation may be conserved in the
CPEB family.
In this study, we have sought to identify genes in-
volved in Orb protein activity and/or orb autoregulation.
We show that Orb and the Drosophila Fragile X Mental
Retardation (dFMR1) protein (whose human counter-
part is involved in the fragile X syndrome) associate as
part of an RNase-resistant messenger ribonucleopro-
tein (mRNP) complex. Consistent with this physical in-
teraction, Orb and dFMR1 dynamically colocalize within
the developing oocyte throughout oogenesis. More-
over, our results suggest that dFMR1 functions to nega-
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aRNA-Independent Association of Orb and dFMR1
aTo identify factors that could function in regulating Orb
dactivity and/or localization we searched for proteins
othat are physically associated with Orb in vivo. For this
epurpose we immunoprecipitated ovarian extracts with
pOrb antibodies or with control β-galactosidase or Dor-
tsal antibodies. The precipitated proteins were visual-
fized by preparative gel electrophoresis and staining
with Coomassie or silver (Figure 1). Besides Orb, the
timmunoprecipitates contained a complex set of pro-
fteins that were absent in the control immunoprecipi-
atates. We focused our attention on four larger proteins
dbecause they are present in nearly the same yield as
tOrb (as judged by staining) and are well resolved from
tother polypetides. The association of these four pro-
cteins with Orb is RNase resistant as they are observed
Onot only when an RNase inhibitor is present, but also
awhen the immunoprecipitates are treated with RNase
t(Figure 1A, lanes 2 and 3) or when the immunoprecipita-





















Figure 1. Orb and dFMR1 Are Components of an RNase-Resistant F
Complex l
(A) Proteins that coimmunoprecipitate with Orb from wild-type f
ovarian extracts visualized by Coomassie Blue staining after SDS- f
PAGE. Immunoprecipitation was performed with Orb (lanes 1–4) or mcontrol IgG antibodies (lane 5) and proteins. Following immuno-
bprecipitation in the presence of an RNase inhibitor (lanes 1–3 and
d5), Orb immunoprecipitates were treated with RNase A (lane 2) and
washed 3× with IP buffer (lane 3). Alternatively, the immunoprecipi- g
tation was performed in the presence of RNase A (lane 4). The spe- 2
cific proteins identified by mass spectrometry are indicated. Molec- p
ular weight markers are indicated.
f(B) Western blot of proteins immunoprecipitated with the indicated
tantibodies and probed for dFMR1. Immunoprecipations were per-
formed from equivalent starting wild-type ovarian extracts and in a
the presence of RNase A. (
pThe four proteins were identified by mass spectros-
opy. The largest w150 kd species corresponds to Lin-
erer (Kuniyoshi et al., 2002). Lingerer is expressed at
igh levels in the nervous system, imaginal discs, and
onads. It is required for viability and has been impli-
ated in sexual behavior. The w120 kd species is
G18811-PA. Nothing is known about its function in
lies; however, related proteins called Caprins have
een identified in vertebrates including humans and are
hought to function in cell proliferation (Grill et al.,
004). The species migrating slightly more slowly than
rb is Rasputin (Rin) (Pazman et al., 2000). Rin is the
ly homolog of the RasGAP SH3 binding protein (G3BP),
nd it is thought to regulate RNA metabolism in re-
ponse to Ras signaling. Finally, the smallest protein,
hich is the subject of this study, corresponds to the
rosophila Fragile X Mental Retardation protein (dFMRP).
he human Fragile X protein (FMRP) is an RNA binding
rotein that associates with poly(A)-containing mRNP
omplexes within actively translating polyribosomes
nd regulates the translation of target mRNAs (O’Don-
ell and Warren, 2002). Transcriptional silencing of the
ragile X Mental Retardation1 (FMR1) gene leads to
oss of FMRP and development of the most common
orm of inherited mental retardation in humans—the
ragile X syndrome. This syndrome is characterized by
ild to severe mental retardation, a range of abnormal
ehaviors, macroorchidism, and a distinctive facial
ysmorphism. The Drosophila genome has a single
ene homologous to FMR1 called dfmr1 (Wan et al.,
000; Zhang et al., 2001), which is thought to be the
rototype of the highly homologous mammalian FMRP
amily (Kirkpatrick et al., 2001). dFMR1 shares all func-
ional domains with FMRP, including two KH domains
nd one RGG box which are involved in RNA binding
Wan et al., 2000; Zhang et al., 2001). The RNA binding
roperties and protein-protein interaction profiles of
FMR1 and FMRP are similar (Ishizuka et al., 2002; Wan
t al., 2000; Siomi et al., 1996), and both proteins associ-
te with ribosomes. Furthermore, dFMR1 recapitulates
he combined pattern of expression of the FMRP family
nd shows a similar enrichment in gonads, muscles,
nd the nervous system (Wan et al., 2000; Schenck et
l., 2002). Characterization of neuronal phenotypes in
fmr1 mutant flies implicates dFMR1 in synapse devel-
pment and function (Zhang et al., 2001; Dockendorff
t al., 2002; Morales et al., 2002) and supports the hy-
othesis that defects in synaptic maturation and plas-
icity underlie the neurological phenotypes observed in
ragile X patients (O’Donnell and Warren, 2002).
To confirm the association between Orb and dFMR1,
he proteins immunoprecipitated by Orb antibodies
rom ovarian extracts were probed with a monoclonal
ntibody against dFMR1. As shown in Figure 1B,
FMR1 is detected in the Orb immunoprecipitates. Al-
hough we were able to immunoprecipitate dFMR1 with
he dFMR1 monoclonals, we did not detect Orb. This
ould be due to a masking of the dFMR1 epitope by
rb. Alternatively, it could reflect the much greater
bundance of dFMR1 than Orb in ovaries and the fact
hat only a small fraction of the ovarian dFMR1 is colo-
alized with Orb (see Figure 1B and below).
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during Oogenesis
To further investigate the association between Orb and
dFMR1, we examined their distribution in wild-type
ovaries. dFMR1 is present in stem cells and cystoblasts
at the tip of the germarium as well as in the dividing
cysts in region 1 (Figure 2A). By contrast, Orb is first
detected in newly formed 16-cell cysts in region 2 of
the germarium (Figure 2B). In these cysts, Orb is prefer-
entially localized in a subset of cells including the pre-
sumptive oocyte. Although dFMR1 is found in all 16
cells, it is most highly concentrated in the cytoplasm of
the same group of cells that contain Orb (Figure 2C,
arrowheads). In stage 1 egg chambers the oocyte local-
izes to the posterior. Orb preferentially concentrates in
the oocyte while the nearby nurse cells have lower
amounts of protein. dFMR1 also accumulates preferen-
tially in the oocyte where it colocalizes with Orb (Figure
2C). However, quite high amounts of dFMR1 are also
found in the nurse cells and surrounding soma. Stage
1 chambers pinch off from the germarium and continue
development through 14 morphologically distinct stages
during which Orb exhibits a dynamic pattern of localiza-
tion (Lantz et al., 1994). Although significant amounts of
dFMR1 are evident in nurse and follicle cells throughout
most of this period (Figures 2D, 2G, 2J, 2M, and 2P), its
pattern of accumulation in the oocyte recapitulates the
localization of Orb. During previtellogenesis (stages
1–7) Orb and dFMR1 concentrate at the posterior end
of the oocyte (Figures 2D–2I). At the onset of vitellogen-
esis, both proteins are detected as a ring around the
anterior margin (Figures 2J–2L) and are often concen-
trated near the oocyte nucleus after its migration to the
anterodorsal corner (Figures 2M–2O). Beginning at
stage 9, the two proteins are distributed together along
nearly the entire oocyte cortex. The one exception is in
the cap at the posterior pole where Orb is more highly
concentrated. By comparison dFMR1 appears to be
less abundant in the cap than elsewhere. While most of
the nurse cell dFMR1 does not appear to be associated
with Orb, we do observe some perinuclear particles
around nurse cell nuclei that appear to contain both
proteins (Figures 2S–2U). These particles resemble
sponge bodies, which have been implicated in the as-
sembly and transport of translationally dormant mRNPs
from the nurse cells into the oocyte (Wilsch-Brauninger
et al., 1997; Johnstone and Lasko, 2001).
orb and dfmr1 Regulate Common
Steps of Oogenesis
The colocalization of Orb and dFMR1 suggests they
might function in the regulation of common steps of
oogenesis. Phenotypic analyses of orb mutants have
shown that orb is required for formation of the 16-cell
cyst in region 2 (Christerson and McKearin, 1994; Lantz
et al., 1994; Huynh and St Johnston, 2000). Although
dfmr13 females produce viable offspring (Dockendorff
et al., 2002), oogenesis is abnormal, and a significant
number of dfmr13 egg chambers have either reduced
(Figures 3C and 3D) or increased (Figure 3B) numbers
of germline cells. While we could not determine
whether the increased number of germline cells results
from the fusion of two egg chambers, the presence ofcysts with reduced number of cells points to defects in
cystocyte divisions and indicates that dfmr1 function
is also involved in cyst formation. Because strong hy-
pomorphic orb alleles disrupt oocyte differentiation
(Christerson and McKearin, 1994; Lantz et al., 1994;
Huynh and St Johnston, 2000), we looked for evidence
that dFMR1 could regulate this process as well. Almost
10% of homozygous dfmr13 egg chambers were found
to contain presumptive oocytes (as labeled by Orb anti-
body) that had polyploid oocyte nuclei (Figure 3D) or
two oocytes located at opposite poles (Figures 3A and
3B). The presence of two presumptive oocytes within
16-cell cysts (Figure 3A) and of oocyte nuclei that have
not entered or progressed into meiosis suggests that
dfmr1 also functions in oocyte differentiation. To de-
monstrate that the dfmr1 mutation rather than some
background lesion is responsible for the oogenesis de-
fects seen in dfmr13 females, we determined whether
egg chambers exhibiting extra or too few germ cells
are still observed when the dfmr13 mutation is rescued
by a dfmr1 transgene. As indicated in Table 1, the
transgene rescues both of the defects.
orb and dfmr1 Display an Antagonistic
Genetic Interaction
To determine if the physical association and colocaliza-
tion of Orb and dFMR1 is functionally significant, we
tested for genetic interactions. orb function in the spec-
ification of the D-V axis of the egg is haploinsufficient
(Christerson and McKearin, 1994; Chang et al., 2001;
Tan et al., 2001). This haploinsufficiency can be en-
hanced by further reducing Orb protein accumulation.
Because Orb autoregulates its own expression through
target sequences in the orb 3# UTR (Tan et al., 2001),
transgenes expressing mRNAs containing the orb 3#
UTR linked to a heterologous protein coding sequence
such as LacZ behave as dominant negatives (Lantz et
al., 1994). The LacZ:orb 3# UTR mRNAs compete with
the endogenous orb message for Orb protein binding
and therefore disrupt autoregulation. When a copy of
one of these dominant negative transgenes, HD19G, is
introduced into females heterozygous for the putative
orb null allele, orb343, we found that Orb expression is
further reduced and a larger fraction of the eggs display
D-V polarity defects (Tan et al., 2001). In the experiment
presented in Table 1, the frequency of D-V defects at
25°C and 29°C is about 10% while it is more than 50%
at 18°C.
We first tested whether reducing the dose of dfmr1
has any effect on the frequency of D-V defects in eggs
produced by HD19G orb343/+ females. As shown in Ta-
ble 1, the D-V polarity defects associated with HD19G
orb343/+ females are partially suppressed by dfmr13 at
18°C and completely suppressed at 25°C and 29°C. If
reducing the dose of dfmr1 to a single wild-type gene
suppresses the frequency of ventralized eggs, increas-
ing the dose to three wild-type copies of dfmr1 should
enhance the frequency of D-V polarity defects in the
same genetic background. In fact, dFMR1 overexpres-
sion in the HD19G orb343/+ background resulted in a
significant enhancement in the number of ventralized
eggs laid at 25°C and 29°C (Table 1). The inverse corre-
lation between dfmr1 dosage and the frequency of
Developmental Cell
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Oocyte and Nurse Cells
(A–R) Colocalization of Orb and dFMR1 in
oocytes of wild-type egg chambers. Immu-
nofluorescence analyses of dFMR1 in green
(left column) and Orb in red (center column)
in the germarium (A–C) and stage-4 (D–F), -6
(G–I), -8 (J–L), -9 (M–O), and -10 (P–R) egg
chambers. Merged images are shown on the
right column with coincident signal in yellow.
Note that whereas Orb is expressed only in
the germline and concentrates in the oocyte,
dFMR1 is expressed in the germline nurse
cells and oocyte and also in somatic follicle
cells. The dFMR1 protein in the oocyte colo-
calizes with Orb except at the posterior pole
of stage-10 egg chambers.
(S–U) Perinuclear colocalization of Orb and
dFMR1 in the nurse cells of a stage-6 egg
chamber. An increase in fluorescence gain
reveals that Orb and dFMR1 colocalize
around nurse nuclei in a pattern that resem-
ble sponge bodies (Wilsch-Brauninger et al.,
1997), which have been implicated in the as-
sembly and transport of mRNPs to the
oocyte.D-V polarity defects resulting from reduced orb activity a
gindicates that dfmr1 functions to antagonize orb.
To confirm this antagonistic relationship, we tested t
for genetic interactions between orb and dfmr1 in thebsence of the HD19 transgene. For this purpose, we
enerated recombinants between dfmr13 and orb343. In
he experiment in Table 1 more than half of the eggslaid at 18°C by females heterozygous for orb343 had
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(A–D) Confocal images of previtellogenic dfmr13/dfmr13 egg chambers showing the distribution of Orb in red and somatic and germline nuclei
in blue. Observed defects include increased (B) and reduced (C and D) number of germline cells, misspecification of additional oocytes (A
and B), and polyploid oocyte nuclei (D). Note that Orb localization to the oocyte in homozygous dfmr1 egg chambers indicates that its
localization is independent of dFMR1.of an independent allele, orb (Table 1). Data available with this article online). To investigate
Table 1. orb and dfmr1 Display an Antagonistic Genetic Interaction
Suppression of dfmr1 oogenesis defects by reducing orb activity
Number of germ cells/chamber
Less than 16 16 More than 16
dfmr13/dfmr13 (n = 167) 14 (8.4%) 125 (74.8%) 28 (16.8%)
orb343, dfmr13/dfmr13 (n = 200) 19 (9.5%) p = 1.0 177 (88.5%) 4 (2.0%) p < 0.0001
orbdec, dfmr13/dfmr13 (n = 242) 20 (8.3%) p = .71 208 (85.9%) 14 (5.7%) p = 0.0004
P(dfmr1)/+; dfmr13/dfmr13 (n = 137) 0 (0%) p < 0.0001 137 (100%) 0 (0%) p < 0.0001
Effect of dfmr1 on the frequency of ventralized eggs produced by HD19 orb343/+ females
18°C 25°C 29°C
WT 2 ± 2% 0% 0%
HD19G orb343/+ 54 ± 10% 7 ± 4% 13 ± 6%
dfmr13/+ 0% 0% 0%
P(dfmr1)/+ 0% 0% 0%
HD19G orb343/dfmr13 34 ± 9% 0% 0%
HD19G orb343/P(dfmr1) 51 ± 8% 36 ± 6% 35 ± 9%
Reducing dfmr1 activity suppresses orb haploinsufficiency in the D-V polarity pathway
Ventralized eggs/total % Ventralized
w1118 4/540 0.7%
P(dfmr1); dfmr13/dfmr13 1/532 0.2%
dfmr13/dfmr13 0/325 0%
orb343/+ 444/741 59.9%
orb343, dfmr13/+ 105/673 15.6%
orb343, dfmr13/dfmr13 1/461 0.2%
orbdec, dfmr13/+ 212/593 35.8%
orbdec, dfmr13/dfmr13 10/628 1.6%
Suppression of dfmr1 oogenesis defects by reducing orb activity: The percentage of normal egg chambers and chambers with too few or
too many germline cells is tabulated for wild-type ovaries and for ovaries from females carrying different dfmr1 and orb combinations. The
dfmr1 transgene rescues both phenotypes while orb343 and orbdec rescues the excess germ cell phenotype.
Effect of dfmr1 on the frequency of ventralized eggs produced by HD19 orb343/+ females: The percentage of eggs laid by HD19G orb343/+
females with different doses of dfmr1. Females of the indicated genotypes were crossed to wild-type males at 18°C, 25°C, and 29°C, and
chorion ventralization was scored as fusion of dorsal appendages. Fused dorsal appendage phenotypes range from fusion at the base to
fusion along the entire length of the two appendages.
Reducing dfmr1 activity suppresses orb haploinsufficiency in the D-V polarity pathway: The percentage of eggs with D-V polarity defect laid
by orb343/+ and orbdec/+ females carrying two, one, or zero wild-type copies of the dfmr1 gene grown at 18°C. HD19G is a dominant negative
transgene carrying sequences of the orb 3# UTR (Tan et al., 2001); orb343 and orbdec are independent apparent null mutations; dfmr13, dfmr1
null allele P(dfmr1), transgene carrying a wild-type copy of dfmr1 (Dockendorff et al., 2002). Eggs were collected from the indicated genotypesventralized egg shells. As observed for HD19G orb343/+
females, reducing dfmr1 activity suppresses the orb
haploinsufficiency, and the frequency of D-V defects in
eggs produced by orb343 dfmr13/+ females drops to
15%. An even more substantial suppression is ob-
served when dfmr1 function is eliminated. In this case,
the frequency of D-V defects is less than 1%. Loss of
dfmr1 activity also suppresses the D-V polarity defects
decover a 7-day period. Two hundred eggs from each genotype were scoreddfmr1 Negatively Regulates Orb Accumulation
The antagonistic effects of dfmr1 on orb argues that
dFMR1 must function as a negative regulator of orb
expression and/or activity. Consistent with the former
possibility, orb mRNA has three motifs in the 5# UTR
and the beginning of the protein coding region that re-
semble the G-quartet recognition sequence of FMR
proteins (Darnell et al., 2001; see the Supplementalper day for a total of 1400.
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rprotein accumulation in homozygous dfmr1 mutant
ovaries. Northern analysis, quantitative RT-PCR (see w
nSupplemental Data), and in situ hybridization (Figures
4G–4I versus 4A–4C) showed that neither the amount l
nor localization of orb mRNA was altered in homozy-
gous dfmr13 ovaries. Although loss of dfmr1 function c
whad no apparent effect on the expression or localization
of orb mRNA, it does affect the accumulation of protein. g
lWe found that Orb levels are markedly increased in ho-
mozygous dfmr13 egg chambers (Figures 4J–4L) as d
ocompared to wild-type (Figure 4D–4F). (Additional ex-
amples are shown in the Supplemental Data.) i
mIn wild-type egg chambers, the orb autoregulatory
circuit promotes the localized accumulation of high c
flevels of Orb protein (Tan et al., 2001). To further assess
the effects of dfmr1 on this autoregulatory circuit, we l
iplotted the Orb profile across the egg chamber. As il-
lustrated by the profile for a wild-type stage-5 egg u
tchamber in Figure 5A, Orb is highly concentrated in the
oocyte while much lower levels are found in nurse cells. t
Figure 5A shows that the Orb distribution profile across
a dfmr13 stage-5 chamber is quite similar to wild-type. a
sThis result indicates that dfmr1 activity is not essential
for the asymmetric localization of Orb within the cham- i
fber. On the other hand, the amount of protein is ele-
vated in both the oocyte and the nurse cells. This find- oFigure 4. orb mRNA Localization Is Unaf-
fected, but Orb Protein Expression Is Upreg-
ulated in dfmr1 Mutant Egg Chambers
(A–C and G–I) In situ hybridizations of previ-
tellogenic (A and G), stage-9 (B and H), and
stage-11 (C and I), wild-type (A–C), and
dfmr13/dfmr3 (G–I) egg chambers using a di-
goxigenin-labeled DNA probe complemen-
tary to the orb mRNA. (D–F) and (J–L) Con-
focal images of stage-5 (D and J), stage-9 (E
and K), stage-11 (F and L), wild-type
(D–F), and dfmr13/dfmr3 (J–L) egg chambers
stained for Orb by whole-mount immuno-
staining using anti-Orb antibodies.ng would be consistent with the idea that dFMR1 is
equired to downregulate orb mRNA translation both
hile the RNA is in transit from its site of synthesis in
urse cells to the oocyte and, subsequently, once it is
ocalized within the oocyte.
To confirm the confocal results, we examined Orb ac-
umulation by using Western blots of extracts from
hole ovaries or of ovaries separated into previtello-
enic and vitellogenic stages. As illustrated for previtel-
ogenic chambers in Figure 5A, Orb is overexpressed in
fmr13 ovaries. Similar results were obtained for whole
varies and for the vitellogenic stages. Because dFMR1
s present in both the germline and soma, the require-
ent for dfmr1 activity in regulating Orb protein levels
ould, in principle, be in either or both tissues. To test
or a germline requirement, we generated dfmr13 germ-
ine clones. Figure 6 shows that dfmr1 must be present
n the germline to downregulate Orb accumulation. Fig-
re 6 also shows that the Orb overexpression pheno-
ype in dfmr13 chambers can be rescued by the dfmr1
ransgene.
A plausible hypothesis is that dFMR1 controls Orb
ccumulation by repressing the translation of orb mes-
age, counteracting Orb positive autoregulatory activ-
ty. If this is the case, then the effects of dfmr1 on the
requency of D-V polarity defects in eggs from HD19G
rb343/+ females would be explained by the ability of
Drosophila Fragile X Antagonizes orb (CPEB) Autoregulation
337Figure 5. dfmr1 Downregulates Orb and K10 Protein Accumulation
(A) Panels on left show Orb in wild-type and dfmr13/dfmr13 stage-5 egg chambers. Histograms represent the fluorescence intensity of Orb
at the equatorial region across the anterior-posterior axis. Panels in the middle show Western blots of extracts from previtellogenic wild-type
and dfmr13 egg chambers probed with Orb, dFMR1, and tubulin antibodies.
(B) On the left, are confocal images of representative stage-5 egg chambers showing the effects of varying the dose of dfmr1 on Orb protein
(red) accumulation in HD19G orb343/+ females. Histograms represent the fluorescence intensity of Orb protein at the equatorial region across
the anterior-posterior axis. On the right, is a Western blot analysis of previtellogenic egg chambers isolated from HD19G orb343/+, HD19G
orb343/dfmr13 and HD19G orb343/P(dfmr1) females probed with antibodies against Orb, β-galactosidase, dFMR1, and α-tubulin (control).
(C) Confocal images of K10 protein in wild-type and dfmr13/dfmr13 egg chambers and a histogram of the K10 signal along the anterior-
posterior axis. Note that the K10 antibody gives background staining in the follicle cells.dFMR1 to control the expression of Orb protein. To test
this prediction, we examined the effects of increasing
or decreasing the dose of dfmr1 on Orb protein accu-
mulation in ovaries of HD19G orb343/+ females. We first
confirmed that the level of dFMR1 protein is propor-
tional to the dfmr1 gene dose. As shown in the Western
blot in Figure 5B, the level of dFMR1 protein is reduced
when the HD19G orb343/+ females are heterozygous for
the dfmr13 mutation, whereas it is increased when the
HD19G orb343/+ females carry the P(dfmr1) transgene.
As would be expected from the suppression of the
D-V polarity defects when dfmr13 is trans to HD19G
orb343, the Orb levels are increased in this combination
relative to the HD19G orb343/+ control. The effects of
dfmr13 on Orb expression can be seen in both ovary
whole mounts and Western blots (Figure 5B). Con-
versely, because increasing the dose of dfmr1 en-
hances the frequency of D-V polarity defects in eggsfrom HD19G orb343/+ females, we would expect to find
that Orb expression is repressed. As predicted, both
whole mounts and Western blots indicate that Orb ac-
cumulation is reduced by the presence of the dfmr1
transgene (Figure 5B).
The LacZ mRNA expressed from HD19G transgene
contains most of the orb 3# UTR, and like the endoge-
nous orb mRNA, its localization and translational acti-
vation depends upon Orb (Tan et al., 2001). On the other
hand, the HD19G mRNA does not have sequences from
elsewhere in the orb message including the three po-
tential dFMR1 binding sites. If these motifs (or other
non-3# UTR sequences) are important for repression by
dFMR1, then the HD19G mRNA would be expected to
respond differently to dFMR1 than the endogenous orb
mRNA. To test this prediction, we examined the effects
of changing the dose of dfmr1 on β-galactosidase ex-
pression in HD19G orb343/+ females. Whereas Orb
Developmental Cell
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(Set of four panels on left) Germline clones were induced according to Chou and Perrimon (1996) using chromosome arms that were either
wild-type (WT: top panels) or contained the dfmr13 mutation (dfmr13 GLC; bottom panels). The ovaries were stained with dFMR1 (green) or
Orb antibody (red).
(Set of four panels on right) Egg chambers derived from dfmr13 mothers that contained one copy of the wild-type dfmr1 transgene (dfmr13/
P[dfmr1]; top panels) or dfmr13 mothers (dfmr13; bottom panels) were stained with phalloidin (Ph) (green) or Orb antibody (red).levels clearly increase when the dose of dfmr1 is t
ahalved, the level of β−galactosidase remains about the
same and may in fact be slightly reduced (Figure 5B). d
qThis finding indicates that translation of the HD19G
mRNA is relatively insensitive to dFMR1 repression in m
kthe HD19G orb343/+ background. A different result is
obtained in the presence of excess dfmr1. In this case, (
aβ-galactosidase is diminished (Figure 5B) However, be-
cause Orb levels also drop substantially in HD19G c
torb343/+ ovaries when there are additional copies of
dfmr1, it seems likely that the repressive effects of ex- d
dtra dFMR1 on β-galactosidase expression are indirect
and occur because there is insufficient Orb to fully acti- o
mvate translation of the HD19G mRNA.
c
eOogenesis Defects in dfmr1 Females Are
jSuppressed by Reducing the Dose of orb
iWe wondered whether there is any link between Orb
moverexpression and the oogenesis defects in dfmr13 fe-
dmales. Amongst the phenotypes observed in dfmr13
povaries are egg chambers having too many or too few
fgerm cells. To determine if either of these phenotypes
lis due to excess Orb, we halved the orb gene dose. We
tfound that orb mutations have little if any effect on the
afrequency of egg chambers with less than 16 germ
tcells. As indicated in Table 1, about 8% of the egg
ochambers in dfmr13 ovaries have too few germ cells
pand a similar frequency is observed when the dfmr13
wfemales are heterozygous for either orb343 or orbdec.
cIn contrast, reducing the orb gene dose suppresses
nthe excess germ cell phenotype. Whereas about 16%
oof the dfmr13/dfmr13 egg chambers have too many
Fgerm cells, the frequency drops to about 2% for
sorb343dfmr13/dfmr13 egg chambers and to about 6%
wfor orbdec dfmr13/dfmr13 females.
dfmr1 Regulates Orb-Mediated D
Translation of fs(1)K10
Because dFMR1 and Orb are physically associated, a D
iplausible idea is that dFMR1 represses orb mRNAranslation by inhibiting (either directly or indirectly) Orb
ctivity. If dFMR1 functions to downregulate Orb-
ependent translational activation, it might also be re-
uired to repress the translation of other Orb target
RNAs. To explore this possibility, we examined two
nown Orb targets: the posterior determinant osk
Chang et al., 2001; Castagnetti and Ephrussi, 2003)
nd fs(1)K10, which is also required for D-V axis specifi-
ation (Chang et al., 2001). These orb targets differ in
hat osk RNA does not appear to contain potential
FMR1 recognition motifs, whereas fs(1)K10 mRNA
oes (see Supplemental Data). Based on our results for
rb and HD19G mRNA, we anticipated that these two
RNAs would respond differently to dfmr1. This is the
ase. We found that dfmr1 had no apparent effect on
ither the localization or translation of osk mRNA as
udged by whole mount in situ hybridization and
mmunostaining, respectively, of homozygous dfmr1
utant egg chambers (see Supplemental Data). In ad-
ition, we did not observe any A-P axis defects in the
rogeny of homozygous dfmr1 mutant mothers lending
urther support to the conclusion that proper osk mRNA
ocalization and translation do not require dfmr1 func-
ion. As observed for osk and orb mRNA, dfmr1 had no
pparent effects on either the localization or accumula-
ion of fs(1)K10 mRNA (see Supplemental Data). On the
ther hand, we found that the expression of Fs(1)K10
rotein, like Orb, was dependent on dfmr1 activity. In
ild-type ovaries, Orb promotes the translation of lo-
alized fs(1)K10 mRNA (Chang et al., 2001), and the
ewly synthesized Fs(1)K10 protein concentrates in the
ocyte nucleus. As shown in Figure 5C, the level of
s(1)K10 protein detected by whole-mount antibody
taining is elevated in dfmr13 mutant egg chambers
hen compared to wild-type.
iscussion
uring Drosophila oogenesis, transcripts assembled
nto mRNP complexes in the nurse cells are repressed
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339from translation before and during localization to the
oocyte (Johnstone and Lasko, 2001). Translation en-
sues once the transcript reaches its final destination
and the proper spatiotemporal cues release the repres-
sion and activate translation. The fly germline CPEB
protein Orb is required for proper mRNA localization
and translational regulation at multiple steps during oo-
genesis (Christerson and McKearin, 1994; Lantz et al.,
1994; Chang et al., 1999; Chang et al., 2001; Castag-
netti and Ephrussi, 2003). Although it is not clear how
CPEBs act in the process of RNA localization, they
function as translational activators by promoting cyto-
plasmic polyadenylation of CPE-containing mRNAs
(Mendez and Richter, 2001). The known Orb targets in-
clude mRNAs encoding the posterior determinant Osk,
the D-V polarity gene Fs(1)K10 and Orb itself. Orb in-
teracts with each RNA through recognition sequences
in the 3# UTRs and activates their on-site translation.
Although all three mRNAs require Orb activity, the tim-
ing and spatial pattern of translation activation for each
mRNA differs. This difference suggests that other
factors specifically included in the mRNP complex as-
sociated with each mRNA regulates Orb activity. With
the aim of identifying not only these mRNA specific but
also other, common factors associated with Orb regula-
tory targets, we immunoprecipitated Orb mRNP com-
plexes from ovary extracts.
One of the proteins identified in the Orb complexes
is the fly fragile X protein ortholog dFMR1. Though
dFMR1 is a KH domain RNA binding protein, it is asso-
ciated with Orb in an RNase resistant complex. Although
this could indicate that Orb and dFMR1 complex with
each other through (direct or indirect) protein-protein
interactions, our inability to produce soluble recombi-
nant Orb has precluded testing for direct interactions
in vitro. In addition, it should be noted that the fact that
the Orb-dFMR1 complex in ovarian extracts is RNase
resistant does not exclude the possibility that Orb and
dFMR1 coassemble into mRNPs because the two pro-
teins recognize sequences in the same RNA species.
That there must be some type of target specificity in
Orb-dFMR1 complex assembly is suggested by both
Western and confocal analysis. Though dFMR1 ap-
pears to be present in Orb immunoprecipitations in
near molar yield, Western blots indicate that only a sub-
fraction of the total dFMR1 in ovaries is in an immuno-
precipitable complex with Orb. One reason for this is
that all of the somatic cells in the ovary have dFMR1,
whereas they do not contain Orb. However, even within
the germline not all of the dFMR1 is associated with
Orb. For example, in the germarium dFMR1 is found in
stem cells and the mitotic cysts, whereas Orb isn’t
readily detected until the 16-cell cyst is formed. Even
after the 16-cell cysts are formed and begin to develop,
a significant fraction of the germline dFMR1 is localized
in nurse cells, and with the exception of perinuclear
particles, this protein does not seem to be associated
with Orb. On the other hand, much of the dFMR1 pro-
tein present in the oocyte appears to be specifically
associated with Orb. Moreover, it is in the oocyte where
Orb activity is known to be required. In previtellogenic
chambers, dFMR1 and Orb colocalize around the oo-
cyte nucleus, concentrating most heavily at the poste-
rior pole. After the onset of vitellogenesis, Orb anddFMR1 colocalize along most of the oocyte cortex ex-
cept at the very posterior pole where there is a relatively
low levels of dFMR1 and a high level of Orb.
An important question is whether the Orb-dFMR1 as-
sociation in the oocyte (and in the perinuclear particles
in the nurse cells) has regulatory consequences. Sev-
eral lines of evidence argue that it does. First, dfmr1
interacts genetically with orb. orb is weakly haploinsuf-
ficient and a significant fraction of the eggs laid by
females heterozygous for strong loss of function mu-
tations such as orb343 have D-V polarity defects indica-
tive of a failure in the grk-EGFR signaling pathway. This
haploinsufficiency is enhanced by transgenes, like
HD19G, that express orb 3# UTR sequences fused to
heterologous LacZ protein coding sequence (Tan et al.,
2001). The HD19G mRNAs compete with the endoge-
nous orb mRNA for Orb protein binding and further
compromise the orb positive autoregulatory circuit. We
found that D-V polarity defects of HD19G orb343/+ fe-
males can be suppressed by reducing the dose of
dfmr1 in half, whereas they can be enhanced by adding
an extra dfmr1 gene. Genetic interactions between
dfmr1 and orb are also seen in the absence of the
HD19G transgene. Moreover, in this case the D-V polar-
ity defects seen at 18°C for females heterozygous for
orb343 or for another allele, orbdec, can be almost com-
pletely suppressed by eliminating dfmr1 altogether. Sec-
ond, as would be expected if dfmr1 exerts its effects
on D-V polarity by modulating the orb autoregulatory
circuit, we find that dfmr1 negatively regulates Orb pro-
tein expression. Consistent with the suppression of
D-V polarity defects, Orb accumulation in HD19G
orb343/+ females can be increased by reducing the
dose of dfmr1. Conversely, as would be expected from
the finding that excess dFMR1 enhances the frequency
of D-V polarity defects, increasing the dose of dfmr1
decreases Orb expression. Third, the effects of dfmr1
on Orb accumulation are not restricted to circum-
stances in which orb autoregulation is partially compro-
mised. It is also seen in females that are wild-type for
orb. In this case, eliminating dfmr1 leads to the overex-
pression of Orb protein. Fourth, orb interacts geneti-
cally with dfmr1. Two independent orb mutations domi-
nantly suppress the excess germ cell phenotype seen
in egg chambers from dfmr1 mutant females. The fact
that this phenotype can be suppressed by reducing the
orb gene dose would suggest that it arises, either di-
rectly or indirectly, from the overproduction of Orb pro-
tein. Fifth, while we cannot unambiguously attribute the
inhibitory effects of dfmr1 on Orb expression to the par-
ticular subfraction of the dFMR1 protein that is com-
plexed specifically with Orb, our data indicate that
dfmr1 activity is required in the germline in order to reg-
ulate Orb expression.
Based on the pattern of Orb accumulation when
dfmr1 activity is reduced, it would appear that dFMR1
is initially required to repress the translation of orb
mRNAs while they are in transit from the nurse cells to
the oocyte. If dFMR1 action is direct in the nurse cells,
it presumably associates with orb message soon after
it is synthesized in the nurse cell nuclei and acts to
represses translation. In this respect, it may be of inter-
est that we observe dFMR1-Orb particles around the
edge of the nurse cell nuclei. These perinuclear par-
Developmental Cell
340ticles resemble the sponge bodies that are thought to i
be involved in assembling newly synthesized mRNAs t
into translationally dormant mRNPs so that they can be i
transported from the nurse cells to the oocyte. Al- d
though dFMR1 clearly functions to block Orb expres- s
sion in nurse cells, the fact that the amount of Orb in P
nurse cells in the absence of dfmr1 activity is still much K
lower than it is in the oocyte argues that there must be r
other factors besides dFMR1 that inhibit the translation v
of orb mRNA while it is in transit. As observed in the p
nurse cells, Orb accumulation is upregulated in dfmr13 p
oocytes. Orb expression is also upregulated in the oo- S
cytes of HD19G orb343/+ egg chambers when dfmr1 ac-
tivity is reduced, whereas it is repressed when dfmr1 t
activity is increased. The effects of dfmr1 on Orb ex- n
pression in the oocyte suggest that it functions to at- f
tenuate the orb positive autoregulatory feedback loop; t
however, the fact that Orb levels do not become exces- C
sive in the mutant oocytes indicates that there must be v
other mechanisms to prevent Orb over accumulation. a
Unlike the nurse cells, most of the dFMR1 in the oo- a
cyte colocalizes with Orb. Consequently, it would be M
reasonable to suppose that dFMR1 modulates the orb l
autoregulatory circuit in the oocyte through its associa- F
tion with Orb complexes that contain orb mRNA. As t
noted above, while we have found the Orb-dFMR1 a
complexes in ovary extracts are RNase resistant, we a
suspect that complex assembly may depend upon the f
presence of recognition sequences for each protein in t
the mRNA. In the case of orb mRNA, previous studies s
indicate that Orb interacts with several sequences in l
the 3# UTR in vivo and in extracts. While the 3# UTR
does not have sequences that match the dFMR1 con- E
sensus, there are three recognition motifs in the 5# UTR
Iand beginning of the protein coding sequence. Thus, a
Dplausible idea is that these 5# and 3# recognition motifs
tserve to recruit dFMR1 and Orb into the orb mRNA
a
RNPs. That the dFMR1 recognition motifs may, in fact, d
be important for dFMR1 regulation is suggested by the b
behavior of the HD19G mRNA, which contains all of the A
aknown Orb target sequences in the orb 3# UTR but
wdoes not have the dFMR1 motifs. The HD19G mRNA
tmimics the endogenous orb mRNA with respect to its
gdependence on orb activity for both localization within
the oocyte and translational activation (Tan et al., 2001).
I
However, HD19G mRNA responds differently from the I
endogenous orb message to changes in dfmr1 activity. d
Seemingly similar specificities are evident in the t
irequirements for orb and dfmr1 activity in regulating
wfs(1)K10 and osk mRNA translation. Both of these
emRNAs have Orb target sequences in their 3# UTRs,
rwhereas only fs(1)K10 has potential dFMR1 recognition
w
motifs. Whereas both fs(1)K10 and osk depend upon 2
orb activity for proper localization and translation l
(Chang et al., 1999 & 2001; Castagnetti and Ephrussi, b
t2003), the expression of Fs(1)K10 is upregulated in the
Pabsence of dfmr1 activity, while there is no apparent
effect on Osk. Because Orb is overexpressed in dfmr1
Pmutants, one explanation for the upregulation of
GFs(1)K10 is that it is an indirect consequence of excess
a
orb activity. However, since Osk levels are unaltered, a
we favor the idea that dfmr1 functions to inhibit orb- r
mediated activation of fs(1)K10 mRNA translation but m
Sdoes not have a role in osk regulation. In this respect,t may be significant that Orb specifically promotes the
ranslation of osk mRNA localized at the posterior pole
n vitellogenic stage egg chambers. The posterior pole
iffers from elsewhere along the cortex in that there
eems to be much less dFMR1 associated with Orb.
resumably other factors, such as Bruno and another
H domain RNA protein, Bicaudal-C, would function in
epressing osk translation and counteracting orb acti-
ation. Much like dFMR1, these proteins coimmuno-
recipitate with Orb and are necessary for proper re-
ression of osk translation (Kim-Ha et al., 1995;
affman et al., 1998; Castagnetti and Ephrussi, 2003).
An intriguing question is whether the connection be-
ween Orb and dFMR1 in fly ovaries is relevant to the
eurological phenotypes induced by inactivation of the
ragile X gene in humans and mice. It is interesting in
his regard that recent studies have implicated both
PEBs and FMRPs as key players not only in CNS de-
elopment but also in learning and memory (Brittis et
l., 2002; Huang et al., 2002; Si et al., 2003; Zalfa et
l., 2003; Zhang et al., 2001; Dockendorff et al., 2002;
orales et al., 2002; Lee et al., 2003). Moreover, much
ike we have observed in the fly germline, CPEBs and
MRPs appear to function antagonistically in regulating
he localized translation of specific target mRNAs. If the
ctivity and/or expression of mammalian CPEBs is neg-
tively regulated by FMRPs, as is the case for Orb in
lies, then it seems possible that the loss of FMRP ac-
ivity may lead to excess CPEB activity in the nervous




ouble labeling was performed with anti-Orb antibodies (6H4, ob-
ained from the Developmental Studies Hybridoma Bank) at 1:30
nd anti-dFMR1 antibodies (6A15, Wan et al., 2000) at 1:2500, as
escribed by Lantz et al. (1994). Primary antibodies were followed
y isotype-specific Alexa Fluor 568 goat anti-mouse IgG2a and
lexa Fluor 488 goat anti-mouse IgG1 (Molecular Probes, Inc.)
gainst 6H4 and 6A15, respectively. Microscopy was performed
ith an inverted Zeiss LSM510 confocal microscope under iden-
ical settings and adjustments were made simultaneously for all
enotypes with Adobe Photoshop.
mmunoprecipitation and western analyses
mmunoprecipitation experiments were performed essentially as
escribed by Tan et al. (2001). Proteins were electrophoresed
hrough a 5%–20% SDS-polyacrylamide gradient gel and visual-
zed by Coomassie Blue staining. For Western blotting, 5 ml of
ashed beads (Figure 1B) or 20 mg of total protein (Figure 6A) were
lectrophoresed through a 11% SDS-polyacrylamide gel, transfer-
ed onto Immobilon-P PVDF membranes (Millipore), and probed
ith Orb antibodies at 1:30, anti-dFMR1 antibodies (Wan et al.,
000) at 1:2500, or anti-α-tubulin antibodies (Sigma) at 1:2500, fol-
owed by secondary peroxidase-conjugated goat anti-mouse anti-
odies (Jackson ImmunoResearch Laboratories) at 1:2000. Pro-
eins were detected by chemiluminescence (ECL, Amersham
harmacia Biotech).
rotein Identification
el-resolved proteins were digested with trypsin, partially fraction-
ted, and the resulting peptide mixtures analyzed by matrix-
ssisted laser-desorption/ionization reflectron time-of-flight (MALDI-
eTOF) mass spectrometry (MS) (Reflex III; BRUKER Daltonics, Bre-
en, Germany), as described (Erdjument-Bromage et al., 1998).
elected masses were taken to search the Drosophila segment of
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341the NCBI protein nonredundant (NR) database, as described (Wink-
ler et al., 2002). Fragile X-related protein was identified by matching
32 (55.7% sequence coverage) out of a total 51 peptide masses
used for that search; random matches were on the order of 6 to 7
out of 51, and no secondary proteins were found. RIN gene product
G3BP was identified by 16 (30.1% sequence coverage) out of 26
peptide masses (random matches: 5-6), CG18811-PA gene product
by 19 (19.6% sequence coverage) out of 33 masses (random
matches: 5-6), and Lig (CG8715) gene product by 9 (11.4% se-
quence coverage) out of 16 masses (random matches: 3-4); no evi-
dence was found for secondary proteins in any of the bands. Se-
lected peptides from each digest were also analyzed using an
electrospray ionization (ESI) triple quadrupole MS/MS instrument
(API300; ABI/MDS SCIEX, Thornhill, Canada) modified with an
ultrafine ionization source (Geromanos et al., 2000). MS/MS spectra
were inspected for y$ ion series to compare with the computer-
generated fragment ion series of the predicted tryptic peptides.
Supplemental Data
Supplemental Data including four additional figures are available at
http://www.developmental.com/cgi/content/full/8/3/331/DC1/.
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